Adult rat ventricular myocytes undergo a well-documented sequence of phenotypic changes during adaptation to primary culture. However, we observed that coculture of myocytes with a specific subset of nonmyocyte cardiac cells could slow and even reverse the process of adaptation. These nonmyocyte cells were isolated and identified by immunohistochemical and ultrastructural criteria as being of epicardial mesothelial origin. When added to long-term primary cultures of adult ventricular myocytes, epicardial mesothelial cells appeared to induce myofibrillar arrays that were more organized than those seen in noncocultured myocytes; these changes that occurred were concurrent with the appearance of large amplitude contractions and multicellular synchronous beating that was facilitated by gap junctions between myocytes and epicardial mesothelial cells. The changes in morphology and function were accompanied by a marked increase in f-myosin heavy chain isoform transcription in cocultured myocytes, a return to the ratio of cardiac to skeletal a-actin expected in adult rat myocardium, and a much reduced expression of smooth muscle av-actin. These changes in myocyte phenotype and function appeared to require epicardial cell-myocyte contact, or close apposition, because media conditioned by epicardial mesothelial cells alone or in coculture had no effect. Thus, these rapid and reversible changes in myocyte ultrastructure, function, and gene expression may provide a useful in vitro model with which to study the mechanism responsible for regulating the plasticity of ventricular myocyte phenotype and the role of specific cell-cell interactions. (Circulation Research 1992;71:40-50) 
D espite large gains in knowledge about the molecular cell biology of developing skeletal muscle, similar advances are lacking in identifying the sequence of events that defines cardiac development, including the determination and differentiation of cardiac muscle, as well as the potential importance of cell-cell interactions during specific phases of cardiac development.1-7 One approach used by a number of investigators has been to design exper-imental conditions that favor the maintenance of the adult cardiac myocyte phenotype in long-term primary cultures.8-10 As has been described by Claycomb and Palazzo"l and others,'2-14 in serum-containing medium, adult myocytes typically begin a process of adaptation to primary culture that includes adapting a spheroidal shape with rapid remodeling of the cytoskeletal architecture and loss of organized, parallel, in-register sarcomeres in myofibrils. These cells begin to depolarize spontaneously and, by 2 weeks, have assumed a flattened spread morphology with clearly recognizable, if less well-ordered, myofibrillar structure. They also typically demonstrate relatively low amplitude contractions limited to the perinuclear area, particularly at lower plating densities. This sequence of phenotypic changes is accompanied by the reexpression of mRNA for the precursor of atrial natriuretic peptide, as well as isoforms of contractile proteins and proto-oncogenes more typical of neonatal or fetal cardiocytes. [15] [16] [17] [18] In this article, we describe a previously unrecognized cell-cell interaction between a specific subset of nonmyocyte cardiac cells and adult ventricular myocytes in long-term heterocellular coculture in which the muscle cells underwent striking morphological and functional changes, appearing to reinitiate a phenotype and pattern of gene expression that is more characteristic of that observed in myocytes in situ in the adult rat heart.
Materials and Methods Isolation and Culture ofAdult Rat Ventricular Myocytes
The isolation and preparation of long-term cultures of adult rat ventricular myocytes were carried out using modifications of the technique of Claycomb and Palazzo.1" Briefly, male Sprague-Dawley rats (225-250 g) were anesthetized with ether, and the heart was rapidly excised, transferred to an ice-cold, nominally calciumfree buffer solution, and perfused in a retrograde fashion through the aorta (Langendorff technique). The heart was perfused first for 5 minutes with Krebs-Henseleit bicarbonate (KH) buffer containing (mM) MgSO4 1.2, CaCl2 1.25, KH2P04 1.2, NaHCO3 25, and glucose 11, gassed with 95% 02-5% C02, and equilibrated to a pH of 7.4 at 37°C, with an osmolality of 287 mosm/l. The heart was perfused with calcium-free KH buffer until spontaneous beating stopped, and then 0.05% collagenase (Worthington Biochemical Corp., Freehold, N.J.) and 0.03% hyaluronidase (Sigma Chemical Co., St. Louis, Mo.) were added to the calcium-free KH buffer (enzyme buffer I). The heart was continuously perfused with this preparation for 20 minutes. The atria and great vessels were then removed, and the remaining ventricular tissue was minced in enzyme buffer I containing 0.02 mg/ml trypsin and deoxyribonuclease type II (Sigma) and incubated in a shaking water bath for 15 minutes at 37°C. After incubation, the tissue was dissociated and filtered through a 200-,um nylon mesh gauze, centrifuged at 50g for 30 seconds, and resuspended in Dulbecco's modified Eagle's medium (DMEM) in nominally Ca2-free buffer with 10% calf serum (CS). The suspension was washed three times and then layered gently twice on a 6% bovine serum albumin (BSA) gradient. The final pellet obtained was resuspended in culture medium containing DMEM plus 100 units/ml penicillin plus 100 ,ug/ml streptomycin with 10% CS and plated on laminin (60 ,ug per dish, Collaborative Research, Inc., Cambridge, Mass.) at a density of 7x 10' cells per 100-mm dish, to which was added 10 ,uM cytosine 1-f3-D-arabinofuranoside (cytosine arabinoside). The medium was changed once at 1 hour, which removed most broken or irreversibly damaged cells, as well as contaminating cells. More than 95% of the cells remaining on the dishes were intact rod-shaped cells. Cells were maintained in cytosine arabinoside for 7 days, after which the medium was changed regularly every 2-3 days.
Characterization of Nonmuscle Cardiac and Epicardial Mesothelial Cells
Isolation techniques. A specific subset of nonmuscle cardiac cells that survived the differential attachment and cytosine arabinoside steps of the myocyte isolation procedure was removed from plates using a cloning cylinder. For the isolation and culture of mesothelial cells directly from the epicardium, hearts were removed aseptically from male Sprague-Dawley rats (225-250 g) and washed with ice-cold nominally calcium-free KH buffer. After rinsing, the hearts were placed in 0.25% trypsin-EDTA (0.25% trypsin, 1 mM EDTA, in Hanks' balanced salt solution [HBSS], GIBCO, Grand Island, N.Y.) at room temperature. After 20 minutes, the epicardial surface of the heart was gently scraped, and the resulting cells were suspended in 30 ml HBSS plus 10% fetal calf serum (FCS). The cells were centrifuged at 350g for 6 minutes, resuspended in DMEM plus penicillin (100 units/ml) plus streptomycin (100 ,g/ml) plus 20% FCS (GIBCO), and plated. The medium was changed after 1 hour to remove nonattached cells and subsequently every 3-4 days. In the experiments reported here, epicardial cells were used after three to six passages. To promote growth of rat epicardial cells in culture, 3T3 irradiated fibroblasts were used19 because preliminary experiments had documented the enhanced growth of keratinocytes when plated on established, irradiated colonies of 3T3 cells. 3T3-J2F cells (gift of Dr. H. Green, Harvard Medical School, Boston) were grown in T-75 culture flasks until subconfluence. The cells were irradiated (60 Gy for 1.5 minutes) and then trypsinized and plated at a density of 104 cells/cm2. Rat epicardial cells were plated on top of the irradiated 3T3 cells, allowed to proliferate, and separated from the feeder layer using 0.05% trypsin before passaging.
Confluent rat epicardial cells were passaged using 0.05% trypsin-EDTA for 2 minutes. The suspended cells were usually split 1:3 and seeded on laminincoated dishes (60 ug/ml).
Immunofluorescence histochemistry. Indirect immunofluorescence staining was performed on subconfluent populations of cells that had been grown on eight-well chamber slides (Nunc, Naperville, Ill.) using techniques similar to those described by Nayak et al. 20 Various antibodies were used to characterize the confluent colonies of polygonal-shaped epicardial cells. These included polyclonal antibodies to keratin (1:20, Sigma) and to human von Willebrand factor (1: 50, Dakopatts, Alameda, Calif.), as well as a mix of monoclonal antibodies to human keratin (AE1 and AE3) that recognizes type I and type II keratins (1:30, ICN Biomedicals, Inc., Costa Mesa, Calif.). Several monoclonal antibodies were also used as markers for other cell types, namely, for fibroblasts OX-7 (Thy 1.1, 1:100),21 for pericytes 3G5 (1:100) [directly labeled immunoglobulin M(mu)],20 and for negative control anti-human immunoglobulin M monoclonal antibody HB57 (1:100) for the immunoglobulin G chain.
For labeling cells with 1,1'-dioctadecyl-3,3,3,3'-tetramethyl indocarbocyanine perchlorate acetylated low density lipoprotein (DiI-Ac-LDL) (Biomedical Technologies Inc., Stoughton, Mass.), the culture medium was removed, replaced by fresh medium containing 10 gg/ml of DiI-Ac-LDL, and incubated for 4 hours at 370C.
Transmission and scanning electron microscopy. For scanning electron microscopy, confluent cultures of cells grown on plastic coverslips were fixed with glutaraldehyde in 0.1 M phosphate buffer, rinsed, and postfixed with osmium tetroxide in sodium cacodylate for 30 minutes. After dehydration, the cells were subjected to critical-point drying in a PVT3 (SAMDRI). The dried samples were mounted on aluminum stubs, sputtercoated with gold in a Hummer V sputter coater, and examined using a scanning electron microscope (model 1000A, Amray Inc., Bedford, Mass.).
For transmission electron microscopy, cultures were rinsed and fixed in 2.5% glutaraldehyde in sodium cacodylate as previously described. 22 Cultures were postfixed, dehydrated in ethanols, and embedded in Epon 812 (Fisher Scientific Co., Pittsburgh, Pa.), and thin plastic sections were stained with uranyl acetate and lead citrate and examined with a Philips 300 transmission electron microscope.
Epicardial Cell-Ventricular Myocyte Cocultures
Characterization of cell-cell contacts by dye transfer. Cells in cocultures were tested for homocellular and heterocellular junctional transfer using direct microinjection of the fluorescent dye lucifer yellow CH. 23 Cultures were first rinsed and then maintained in HBSS (without bicarbonate and with 20 mM HEPES, pH 7.4) plus 0.1% BSA at room temperature. The dye solution (5% [wt/vol] lucifer yellow CH [Sigma] in 20 mM KH2PO4, pH 7.4) was pressure-injected into cells via glass micropipettes24 using multiple (5-30 msec) pressure pulses (Picospritzer II, Harvard Apparatus, South Natick, Mass.). The total amount of dye injected varied depending on cell size and was not quantitated.
As a control for nonjunctional transfer of dye, cultures were incubated in 0.5% lucifer yellow CH in phosphate-buffered saline for 8-10 minutes, followed by rinsing. Faint, but very discrete, punctate staining was seen associated with the myocytes; no labeling of the mesothelial cells was detected (data not shown). Although it was not possible to determine whether the staining was intracellular (vacuolar) or extracellular, the level and pattern of staining were clearly distinguishable from the diffuse cytoplasmic and nuclear pattern seen on intracellular dye injection.
Contractility and calcium transients in cultured myocytes. For contractility studies, myocytes were plated on laminin-coated glass coverslips, superfused at 1 ml/min with medium containing (mM) NaCl 140, KCI 4.0, MgC12 0.5, CaCI2 0.9, glucose 5.6, and HEPES 5 at 37°C, and stimulated at 1.5 Hz as previously described. 25, 26 Intracellular calcium transients were measured in a dual excitation spectrofluorometer (SPEX Industries Inc., Edison, N.J.), exactly as previously described. 25, 26 Cells were loaded on glass coverslips with 5 ,uM fura-2 AM for 40 minutes at 37°C. In situ calibration of monocultured ventricular myocytes performed as previously described26 revealed a diastolic intracellular Ca21 activity of approximately 100 nM and systolic Ca2' activities of 300-400 nM.
Contractile protein isoform mRNA in monocultured and cocultured myocytes. To limit the contribution of epicardial cell RNA before Northern analysis, cocultured cells were exposed to 0.05% trypsin with KH buffer without serum for 10 minutes at 37°C, followed by immediate rinsing of dishes with ice-cold KH buffer, pH 7.4. Suspended cells were then subjected to two density gradient centrifugation steps through 6% BSA at 4°C with precooled reagents. Monocultured myocytes underwent a similar sham procedure. This cell-separation procedure resulted in at least an 80% reduction in the numbers of epicardial cells, as determined by direct cell counting by a hemacytometer, with no discernible effect on mRNA levels or cell proteins. 27, 28 Characterization of changes in myosin heavy chain isoform mRNA was accomplished by an S, nuclease protection assay, as described and validated by Waspe et al,29 with minor modifications. An antisense oligonucleotide (Oligo's Etc., Inc., Guilford, Conn.) that protected differing lengths of both the a and ,B isoform mRNAs near their 3' ends was used because of significant sequence divergence in the last exon between the two isoforms. The sequence of the probe was 5'-CCG TGT CTC TTC ATT CAG GCC CTT GGC GCC AAT GTC ACG GCT CTT GGC CCG CAG CTT GTT G-3' and was 3' end-labeled with cordycepin 5'-triphosphate (a-32P, New England Nuclear, Boston). Equivalent amounts of total RNA (15 ,ug) from freshly dissociated adult rat ventricular myocytes, long-term primary monocultures of myocytes, myocytes separated from cocultures, and, for comparison, neonatal (2-dayold) rat ventricular tissue were hybridized with excess radiolabeled probe in solution, followed by digestion with S, nuclease (8 units/l.l, Miles Laboratories) at 37°C for 60 minutes. 29 The digestion products were separated on a polyacrylamide/urea sequencing gel, and an autoradiography was obtained.
Differential expression of three a-actin genes also was examined by Northern analysis, as previously described.30 Actin isoform-specific cDNA sequences (gift of K. McHugh, Thomas Jefferson University, Philadelphia: Sequences for human skeletal and cardiac muscle probes of the 3' untranslated regions of each sarcomeric a-actin transcript, known to hybridize selectively with rat a-actin isoforms; and gift of G. Owens, Department of Physiology, University of Virginia School of Medicine, Charlottesville: Sequences for the rat vascular smooth muscle probes) were labeled by random primers, and hybridizations were carried out for 24 hours. Final washes were at 0.5 x standard saline citrate/0. 1% sodium dodecyl sulfate (lx standard saline citrate is 0.15 M NaCI and 0.015 M sodium citrate) at 50°C (cardiac and skeletal a-actin) and 0.1 x standard saline citrate/0.1% sodium dodecyl sulfate at 72°C (vascular smooth muscle a-actin). Northern analyses were also carried out using similar techniques and full-length cDNA probes for rat atrial natriuretic peptide precursor (gift of T. Michel and C. Seidman, Harvard Medical School, Boston) from samples of total mRNA from freshly dissociated adult rat ventricular cells, ventricular myocyte monocultures, and epicardial mesothelial cellmyocyte cocultures after density gradient sedimentation through 6% BSA at 4°C, as described above.
Results

Adult Rat Ventricular Myocytes in Long-term Primary Monoculture
Freshly isolated cells initially have a distinctive cylindrical shape, but in medium containing 10% CS, rounding up begins to occur, starting at the intercalated discs, within 24-48 hours. At this stage, the myofibrils quickly lose their organized, parallel structure, with disruption of mitochondria, T tubules, sarcoplasmic reticulum, and cytoskeletal architecture.13,3' The rapidity and extent of these changes are a function of the initial plating density of the myocytes, the type of matrix used, and the composition of the media, as reviewed by Jacobson and Piper8 and discussed below. In the present study, after 3-7 days the cells began to spread and flatten at the relatively low plating density used here (7x10' myocytes/cm'), with development of pseudopod-like structures that would occasionally come in contact with adjacent myocytes and organized myofibrils apparent usually only in the perinuclear area (Figure lc) , accom-
Photomicrographs showing adult rat ventricular myocytes in long-term primary culture and in coculture with a specific subset of nonmyocyte cells of heart origin. A subset of nonmyocyte cells that had survived the myocyte isolation procedure (see "Materials and Methods') and that had begun to proliferate slowly after removal of cytosine arabinoside at 7 days was noted to arrest and reverse the characteristic sequence of phenotypic changes in adult myocytes associated with adaptation to primary culture. panied by the onset of spontaneous depolarizations. As shown in thin sections ( Figure 2b ) at 3 weeks, the majority of myocytes had only occasional bundles of myofilaments, relatively undifferentiated cell contact zones, few mitochondria, and an abundance of protein synthesis machinery and vacuoles. Synchronous contractions of low amplitude and velocity did occur after cell-cell contact in a minority of cells at our usual plating density. Adult myocytes could be maintained in this phenotype for weeks. However, an unusual phenomenon was observed in a small fraction of plates containing primary cultures of myocytes after the removal of cytosine arabinoside. Although most ventricular myocytes on each plate continued to undergo the expected sequence of degenerative changes during adaptation to primary culture described above, small groups of myocytes on the same dish began to develop longitudinal arrays of myofibrils, large-amplitude spontaneous contractions, and eventually multicellular synchronous contractions (Figures la and lb). In each case, these muscle cells were adjacent to a specific type of polygonal nonmuscle cardiac cell.
Identification and Characterization of Epicardial Mesothelial Cells
The specific polygonal nonmuscle cardiac cells responsible for this cell-cell interaction had a polygonal "cobblestone" morphology at confluence and were positive for von Willebrand factor and DiI-Ac-LDL uptake, suggestive of endothelium (Figures 3a and 3b ). However, the relatively faint and diffuse staining for von Willebrand factor observed in these cells was more characteristic of cultured mesothelial cells and unlike the granular pattern typically observed in large-vessel endothelial cells.32 In addition, the staining pattern observed when using both polyclonal and monoclonal anti-keratin antibodies demonstrated a perinuclear pattern characteristic of mesothelial cells, with only sparse extensions of intermediate filaments into the cytoplasm (Figures 3c and 3d ). Immunohistochemical analyses using antibodies to cell-surface antigens characteristic of fibroblasts (OX-7) and pericytes (3G5) were both negative (data not shown). Scanning electron microscopy ( Figure 3e ) documented the presence of surface microvilli, also indicating a mesothelial origin, probably from the epicardium. Devitalization of the exterior of the heart with 70% ethanol before beginning the standard preparation for isolating adult ventricular myocytes resulted in a lack of cells in primary myocyte cultures with the ability to induce the marked changes in myocyte phenotype described above and shown in Figures la, lb, and 2c.
Epicardial mesothelial cells isolated directly from the visceral pericardium (epicardium) reproduced the striking morphological and functional changes in myocytes shown in Figures la, lb, and 2c and resembled the specific polygonal nonmuscle cardiac cells described above both in morphology and in their growth characteristics. By thin-section electron microscopy ( Figure  2a ), cultured epicardial cells were mostly extremely thin attenuated cells showing multiple microvilli on the apical surface, abundant endoplasmic reticulum, and dense phagocytic vacuoles. In marginal cellular contact zones, tight junctions were often seen, but gap junctions between mesothelial cells were detected infrequently (Figure 2d immunohistochemical techniques. These cells were negative for a fibroblast antigen (OX-7) and a pericytespecific cell-surface ganglioside (3G5) (data not shown). We repeated the von Willebrand factor staining and DiI-Ac-LDL uptake in the passaged epicardial cells (data not shown). These were positive in both cases and similar to the staining pattern seen in polygonal nonmuscle cardiac cells adjacent to myocytes in the preliminary coculture experiments. Epicardial mesothelial cells have been documented to have von Willebrand factor33 as well as positive uptake for DiI-Ac-LDL. bovine aortic endothelial cells, cardiac microvascular endothelial cells, and fibroblasts, did not induce any observable morphological change in adult myocytes at 2-3 weeks in culture (data not shown). Importantly, this typical sequence of changes in myocyte phenotype observed during adaptation to primary monoculture could be not only reversed but also prevented by early coplating with epicardial mesothelial cells at high density (i.e., a ratio of three epicardial cells to each myocyte or greater) immediately after removal of cytosine arabinoside. Although some rounding up of myocytes and subsequent cell spreading would always occur in serum-containing media, early addition of epicardial cells preserved the robust contractile response of freshly dissociated myocytes and largely prevented the marked rearrangement of myofibrillar arrays typical of myocytes in homocellular primary culture.
Ultrastructural changes in monocultured and cocultured myocytes. Myocytes cocultured with epicardial cells lost their flattened shape and became more cylindrical in appearance. In thin sections of heterocellular cocultures, the mesothelial epicardial cells examined by transmission electron microscopy formed a continuous monolayer of very thin cells overlying the myocytes (Figure 2c ). In general, myocytes in cocultures ( Figure  2b) had abundant thick and thin filaments in a sarcomeric organization and elaborate contact zones contain-ing frequent desmosomes and extensive gap junctions (Figures 2c and 2e ), similar to cardiac intercalated discs. These are representative thin sections, although the observed changes in myocyte ultrastructure were not quantified by morphometric analyses.
Synchronous beating and gap junctions in cocultured myocytes. In coculture, epicardial cells and ventricular myocytes were usually separated by a loose matrix; although areas of close apposition between the myocytes and mesothelial cells were common, no heterocellular gap junctions could be found on ultrastructural examination, suggesting that they may be small and infrequent. Although synchronous beating was apparent in small areas of some monocultures, synchronous contractions among many cells were routinely present in coculture, even when no visible cytoplasmic connections could be documented between two muscle cells by light microscopy (although there were always intervening epicardial cells).
However, the presence of functional gap junctions between heterologous and homologous cells in coculture was documented by intracellular injection of the fluorescent dye lucifer yellow. Injection of lucifer yellow into either myocytes (Figures 4a and 4b ) or mesothelial cells (Figures 4c and 4d ) was rapidly followed by detection of dye in adjacent homologous cells (detectable within a few seconds). In cocultures, dye injection 60- into myocytes chiefly resulted in transfer to adjacent muscle cells. In several instances, slow transfer to mesothelial cells could be observed (time course of minutes) as illustrated in Figure 4a . Dye injection into mesothelial cells near myocytes did not result in detectable transfer to the myocytes. This latter result and the relatively low incidence of transfer from myocytes to mesothelial cells were most likely due to two factors. First, the relative size of the two cell types dictated that far less dye could be injected into mesothelial cells than into myocytes; therefore, less dye was available for transfer and detection. Second, the very high degree of coupling between mesothelial cells and myocytes made detection of a lower level of heterocellular transfer more difficult. Since the mesothelial cells often overgrew the myocytes in coculture, dye injection into the myocytes required penetration through the mesothelial cells. Although in some ambiguous cases this may have led to inadvertent injection or leakage of dye into the mesothelial cells, in the majority of cases obvious dye appearance in the mesothelial cells did not occur until more than 1 minute after cessation of injection and withdrawal of the micropipette. This time course of transfer argues for heterocellular transfer (rather than leakage), since deliberate injection into mesothelial cells led to detectable transfer to adjacent cells within a few seconds.
Reciprocal effects on epicardial cells in coculture. When rat epicardial cells at passages 3-4 were split and plated in an established ventricular myocyte monoculture, the epicardial cells rapidly attached and proliferated. The rate of proliferation of epicardial cells was greatest in heterocellular cultures with adult ventricular myocytes plated on laminin compared with several other media and matrices, as shown in Figure 5 , and exceeded the rate of growth of these cells on irradiated 3T3 cell feeder layers, known to facilitate keratinocyte growth. Contractile amplitude in field-stimulated monocultured and cocultured myocytes. The data in Figures 6a and 6b reflect the strikingly different twitch amplitudes between myocytes in monoculture and those in epicardial cell-myocyte cocultures, despite identical initial plating conditions and media. The absolute amplitude of contraction was 6.6±1.0 gm in cocultured myocytes stimulated at 1.5 Hz compared with 1.5+0.3 gm in monocultured myocytes (mean±SD, n=9, for each; p<0.0O1). Figures 6c and  6d suggest greater calcium release from sarcoplasmic reticulum in the cocultured myocytes, consistent with the greater amplitude (Figures 6a and 6b ) and velocity (data not shown) of contraction in these cells.
The larger calcium transients shown in
Ratios of a-and /3-myosin heavy chain isoform mRNA. The relative levels of adult myosin heavy chain isomers are indicated by S, nuclease analyses of mRNA levels for myosin isoform precursors using a technique extensively validated for adult and neonatal rat ventricular myocytes by Waspe et al. 29 Total RNA was isolated from adult rat ventricular tissue, from myocyte monocultures, and from epicardial cell-myocyte cocultures from which most (>80%) of the epicardial cells had been removed by differential sedimentation; total RNA was also isolated from ventricular tissue obtained from 2-day-old rats. The relative expression of protected fragments of aand ,B-myosin heavy chain isoform mRNA is shown in Figure 7 . Bands of 53-56 nucleotides and 38-41 nuldeotides, for /3-and a-myosin isoforms, respectively, were quantified by densitometry. Expressed as a percent of total myosin heavy chain isoform mRNA present, the respective distribution of a-and 13-isoforms was 54% and 46% in 2-day-old neonatal ventricular tissue, 94% and 6% in normal adult rat ventricular tissue, 41% and 59% in ventricular myocyte monocultures, and 21% and 79% in ventricular myocytes cocultured with epicardial mesothelial cells. Similar data were obtained for freshly dissociated adult tissue and for monocultured and cocultured myocytes in two separate experiments.
Sarcomeric and nonsarcomeric actin mRNA by Northern analysis. The expression of sarcomeric and vascular smooth muscle genes at the mRNA level was also studied by standard Northern analysis. As shown in Figure 8a , there was a marked reexpression of smooth muscle a-actin in monocultured ventricular myocytes, which is a nonsarcomeric isoform of actin expressed in early fetal cardiac development, but not in the freshly dissociated adult ventricular muscle cells.37 Some residual expression of vascular smooth muscle a-actin is still apparent in cocultured myocytes at 1 week, although it is much reduced from the levels seen in monocultured myocytes. Densitometric scanning of several autoradiograms, including 1-day exposures of those shown in Figure 8a , demonstrated that the ratios of cardiac to skeletal a-actin were approximately 22:1 in freshly dissociated myocytes, declining to only 3:1 in monocultured myocytes. In marked contrast to the ratio in monocultured ventricular myocytes, the cardiac to skeletal a-actin ratio was 17:1 in cocultured myocytes, similar to that found in freshly dissociated myocytes. The high ratios of cardiac to skeletal a-actin reported here are consistent with those reported for adult rodent ventricles.3738 Similar results were obtained in two replicate experiments.
As with the increased expression of nonsarcomeric actin in the quiescent monocultured myocytes, the decreased ratio of cardiac to skeletal a-actin in these cells is consistent with a pattern of fetal or neonatal contractile gene expression,7'6 a pattern that was reversed in myocytes in heterocellular coculture. In contrast to these data, however, the induction of atrial natriuretic peptide precursor mRNA in 14-day monocultures of ventricular myocytes was not reversed by coculture (Figure 8b ).3940
Discussion
Adult Rat Ventricular Myocytes in Long-term Primary Monoculture Much information regarding the structure, function, and metabolism of mammalian ventricular cells in primary culture, both neonatal and adult, has appeared over the past decade, and a number of useful reviews have been published (e.g., see References 8, 9, and 41-45) . Because of the reexpression of a pattern of gene transcription seen in neonatal and even fetal cardiac development, the term "dedifferentiation" has been applied to adult cardiocytes in long-term primary monoculture.17 This characterization remains controversial, however, because these cells, even at the stages illustrated in Figures lc and 2b , still retain many characteristics of the adult phenotype, as originally described by Claycomb and colleagues13'18,3' and more recently by Bugaisky and Zak. 41 Nevertheless, adult ventricular myocytes in long-term primary culture have been reported to reexpress neonatal isoforms of creatine kinase,17 the precursor peptide of atrial natriuretic factor,15 and several proto-oncogenes found in the proliferating fetal or neonatal myocyte but not in normal adult ventricular myocytes in vivo.42 There is also a trend toward a shift in the isoforms of some contractile element proteins, including a reduction in the ratio of cardiac to skeletal a-actin, a reappearance of nonsarcomeric a-actin (i.e., vascular smooth muscle a-actin, 16 and, at least in the rat, a reversal in the normal predominance of a-to ,3-myosin heavy chain isoforms,10,41 findings that we confirm in this model as well.
To what extent these changes represent a removal from the neurohumoral milieu found in the absence of mechanical stretch or an external mechanical load in vitro, with subsequent myocyte atrophy, is not known.
higher plating densities and/or the use of defined media enriched with specific factors, including insulin, creatine, carnitine, taurine, and also perhaps a,-adrenergic agonists, in the maintenance of an "elongated" phenotype roughly similar in morphology to the freshly dissociated adult myocyte for up to 2 weeks in vitro, although cell atrophy and detachment invariably occurs over time.94445 Horackova and Mapplebeck'4 have emphasized the need to maintain long-term cultures of adult rat or guinea pig myocytes at a sufficiently high density (5x 104 cells/cm2) to allow physical, and therefore electrical, cell-cell contact. This results in relatively normal function as judged by contractile and electrophysiological criteria for a week or more, although cell morphology may subsequently change substantially. 14 Cooper and colleagues46'47 also noted the importance of cellcell contact and, in addition, have called attention to external loading conditions in order to sustain the functional properties of adult myocytes in vitro. However, most of these studies have not tested for the reappearance of proteins expressed during fetal and/or neonatal cardiac development, thus making it difficult to judge whether these techniques also prevent the recapitulation of a neonatal phenotype.
Epicardial Cell-Adult Rat Ventricular Myocyte Cocultures
The increased expression of smooth muscle a-actin by long-term monocultures, a nonsarcomeric actin restricted to early fetal cardiac growth in vivo,1637 was markedly downregulated only 7 days after addition of epicardial cells to monocultured myocytes. This finding, coupled with the reappearance in cocultured myocytes of a ratio of cardiac to skeletal a-actin transcripts characteristic of the normal adult rat ventricular myocardium, provides evidence that the cocultured cells, under the conditions used here, largely revert to a pattern of gene expression found in adult rat ventricular myocytes. This was accompanied by the reappearance of organized myofibrils and large amplitude contractions. Both the reversal of the normal adult rat ratio of a and ,B isoforms of myosin heavy chain and the continuing expression of atrial natriuretic peptide precursor mRNA have indicated the continuing partial induction of a neonatal or fetal pattern of gene expression in the adult rat ventricular myocyte and have also been documented to occur in hypertrophied myocardium induced by increased hemodynamic load. 36'48 The absence of an effect on myocyte phenotype or function of media conditioned by epicardial cells or by epicardial cell-myocyte cocultures does not exclude the possibility that local production and/or activation of soluble paracrine signaling factors could lead to levels within a restricted region sufficient to ensure receipt and transduction of a signal at the sarcolemmal membrane. Alternatively, epicardial mesothelial cells could synthesize specific extracellular matrix proteins that could alter the load against which these spontaneously depolarizing myocytes would contract, thereby indirectly leading to new protein synthesis and myofibrillar regeneration. Although spontaneous contractions were also observed in most monocultured myocytes as well (excluding depolarization and contraction per se as sole determinants for the phenotypic and functional changes Several authors have commented on the ability of observed in cocultured myocytes), the much more vig-orous contractions present in the cocultured myocyte (initiated perhaps by one or more factors released by mesothelial cells) could have acted as a trophic influence inducing expression of selected contractile genes. Thus, increased contractility could have been an important factor contributing to the genetic and ultrastructural changes that defined the phenotype of adult myocytes in coculture. Further studies to more completely define the role of enhanced contractile function per se as an inotropic influence in defining the phenotype of this cocultured myocyte are beyond the scope of this article.
The specific cell-cell interaction reported here may be restricted to epicardial mesothelial cells, because other cardiac nonmyocyte cells, such as cardiac microvascular endothelial cells, and other cell types not of cardiac origin did not induce the marked phenotypic changes noted in epicardial myocyte coculture, despite clear morphological evidence of cell-cell contact. In published reports of adult myocytes in long-term culture, few authors mention whether any nonmyocyte cells were observed in cultures at 2 weeks and beyond or, if a small percentage of nonmuscle cells was present, whether adjacent myocytes demonstrated any observable change in phenotype or function.
Nevertheless, aside from this rather unique cell-cell interaction in vitro, there is no evidence for physiologically important intercellular communication between epicardial mesothelial cells and ventricular myocytes in vivo, with the possible exception of early cardiac ontogeny. The differentiating, proliferating layer of myoblasts derived from the precardiac splanchnic mesoderm51 is enveloped by epicardial and endocardial cells, the first nonmuscle cells to appear in the developing myocardium.49-51 Thus, in the period before coronary artery vasculogenesis, the proliferating myoblasts in the developing, heavily trabeculated myocardium are intimately associated with the invaginated endocardial and overlying epicardial mesothelial layers, and physiologically relevant cell-cell interaction may occur.
Regardless of whether epicardial mesothelial cells play any role in regulating the growth and phenotype of fetal myocytes during early cardiac development, the remarkable and reproducible plasticity of phenotype exhibited by adult ventricular myocytes, before and during heterocellular coculture, provides a system for examining mechanisms important in the process of adaptation to primary culture in heart cells. Although the heterogeneity of the coculture system necessarily complicates a number of pharmacological biochemical and genetic approaches, this coculture model may prove useful in determining whether the reexpression of a neonatal or fetal pattern of gene expression in adult myocytes in primary culture indicates a fundamental common pattern of transcriptional regulatory events in response to a variety of stimuli, as suggested by Parker and colleagues,752 or an adaptive response to specific mechanical and/or humoral stimuli.
